Abstract-High-frequency-signal-injection-based methods have been widely investigated for sensorless position/speed control of induction machines (IMs), permanent magnet synchronous machines (PMSMs), and, more recently, doubly fed induction generators (DFIGs). When used with IMs and PMSMs, the highfrequency signal is injected in the stator windings, an asymmetric (salient) rotor being required for this case. Contrary to this, both stator and rotor terminals are accessible and sensored in DFIGs, being therefore possible to inject the high-frequency signal either in the stator or the rotor terminals. As a consequence of this, the method can be used even if the machine is nonsalient. In the implementation of the method with DFIGs, the high-frequency voltage signal is typically injected in the rotor, the high-frequency components (voltages of currents) induced in the stator being used for rotor position estimation. A drawback of this alternative is that the method is sensitive to the grid impedance in the stator side, which will be affected by the grid configuration, and is normally unknown. This paper proposes the sensorless control of a DFIG injecting the high-frequency voltage in the stator side and using a high-frequency current cancellation strategy in the rotor side. The main advantage of the proposed strategy is that the estimated position is independent of the grid characteristics.
making the wind power generation take a continuously increasing share of the power generation worldwide. Among the various types of grid-connected wind turbines, the doubly fed induction generators (DFIGs) are the more extended in onshore applications, accounting for around 50% of the installed wind turbines all over the world [4] . DFIGs have some appealing properties compared with other types of grid-connected wind turbines: four-quadrant active and reactive power capabilities, a fractional power converter compared with the machine rating (≈30%), and a certain ride-through capability and operation above and below synchronous speed [1] , [5] [6] [7] .
Due to their increased use in the wind power generation, development of control techniques for DFIGs has received significant attention during the last years. In this context, implementation of sensorless control of the wind turbine is highly appealing as it results in a reliability increase and a cost reduction [6] , [8] . Sensorless control can be of special interest in low-power wind turbines, where the speed/position sensor cost can account for a significant portion of the overall cost; in high-power wind turbines, where the sensor cost could be less relevant, other relevant advantages can also exist. For example, hollow shaft machines require special sensor designs, which are significantly more expensive, more difficult to install, and less robust. Therefore, elimination of the position/speed sensor, cabling, and connectors will be advantageous in terms of reliability and cost.
Sensorless control of ac machines has been the focus of significant research efforts during the last years [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , [30] , the proposed methods being primarily focused on induction machines (IMs) and permanent magnet synchronous machines (PMSMs) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . These techniques can be roughly classified into fundamental-excitation-based methods and high-frequency-signal-injection-based methods. Fundamentalexcitation-based methods have been extensively studied and operate well in the medium to high speed region, where the back electromotive force (EMF) signal is large enough. However, the accuracy of these methods reduces as the speed does due to the direct relationship between the back EMF and the speed; eventually, they cannot work at very low or zero speed, neither in position control [9] , [10] . To overcome the limitations of the fundamental-excitation-based methods in the lowspeed region, high-frequency-signal-injection-based methods have been proposed. When used with IMs and PMSMs [6] , [8] , [11] [12] [13] [14] [15] [16] [17] , the high-frequency signal is injected into the stator terminals via the inverter. The use of the pulsewidth modulation (PWM) commutations [12] , as well as the injection of a highfrequency periodic signal on top the fundamental excitation (rotating [8] , [13] [14] [15] [16] , pulsating [13] [14] [15] [16] , and square wave [17] ), has been proposed for this purpose. One key issue for the implementation of these methods with IMs and PMSMs is that the machine has to be salient. The interaction between the injected high-frequency voltage and the rotor saliencies will modulate the resulting high-frequency stator currents, the rotor position being obtained by signal processing of the resulting currents. One of the major limitations of saliency-trackingbased sensorless control techniques when used with PMSM and IM is their sensitivity to secondary saliencies and crosscoupling effects due to saturation [14] [15] [16] .
Contrary to IMs and PMSMs, both the stator and rotor terminals are accessible in DFIGs, with the rotor typically fed by the rotor-side converter (RSC) and the stator being directly connected to the grid (see Fig. 1 ). It is noted from Fig. 1 that the grid-side converter (GSC) connecting the rotor to the grid operates in parallel with the stator. Due to this, injecting the high-frequency signal either in the stator or the rotor terminals is feasible [6] . This opens interesting possibilities for the implementation of high-frequency-signal-injection-based sensorless methods for DFIGs. First and most importantly, DFIGs are not required to have a salient rotor for their use with these methods. Second, secondary saliencies, mainly saturation-induced saliencies, do not have a significant impact on the method, which is a major advantage compared with IMs and PMSMs [14] [15] [16] .
In the method proposed in [6] and [18] for the sensorless control of DFIGs, the high-frequency signal was injected in the rotor; two different options were studied to estimate the rotor position: 1) measuring the phase shift between the injected rotor high-frequency current vector and the high-frequency voltage vector induced in the stator [6] and 2) measuring the phase shift between the injected rotor high-frequency voltage vector and the high-frequency voltage vector induced in the stator [18] . One concern in both cases is the dependence of the results on the grid impedance, which is unknown and can vary depending on the grid condition.
To overcome the effects of the grid impedance, the injection of a high-frequency voltage in the stator terminals using the GSC is proposed in this paper. A high-frequency current cancellation strategy using the RSC will be used in the rotor side. A high-frequency current regulator will be used for this purpose. The output voltage of this regulator will be shown to be modulated by the rotor angle, from which it is possible to estimate the rotor position.
The main advantage of the proposed method over modelbased sensorless methods [30] is its insensitivity to machine parameters variation. Compared with previously published high-frequency-signal-injection-based methods [6] , [18] , the proposed method shows a reduced sensitivity to machine and grid parameters variation. This paper is organized as follows. The high-frequency model of a DFIG and the physical principles of the method are presented in Sections II and III, respectively; simulation and experimental results to confirm the viability of the method are provided in Sections IV-VI. Finally, conclusions are presented in Section VII.
II. HIGH-FREQUENCY MODEL OF A DFIG
The high-frequency model of a DFIG in a stationary qd reference frame can be expressed as shown in (1)- (4) [6], [22] . This model assumes that the frequency of the high-frequency signal is significantly higher than the fundamental frequency (i.e., ω hf ω r ). Thus,
where r s is the stator resistance, r r is the rotor resistance referred to the stator (5), L ls is the stator leakage inductance, L lr is the rotor leakage inductance referred to the stator (6), L m is the magnetizing inductance, i 
III. HIGH-FREQUENCY SIGNAL INJECTION AND ROTOR POSITION ESTIMATION
High-frequency signal injection sensorless control methods superimpose some form of high-frequency signal to the fundamental excitation [8] , [13] [14] [15] [16] , [18] , with rotating [8] , [13] [14] [15] [16] , [18] , sinusoidal pulsating [13] [14] [15] [16] , and square-wave [17] wave shapes being the most commonly used signals.
For all the analysis presented in this paper, a rotating highfrequency signal (10) will be used, with ω hf being the frequency of the injected signal and V hf the voltage magnitude of the injected high-frequency signal. It is noted, however, that the method is easily extensible to the other forms of high-frequency excitations [6] . Thus,
If (10) is injected in the stator terminals of a DFIG via the GSC and assuming a rotor high-frequency current cancellation strategy, i.e., the rotor high-frequency current is regulated to be zero, the high-frequency model (1)- (4) can be simplified to
where i s qds is the stator current complex vector referred to the rotor (i
Assuming that the machine operates in steady state, i.e., the fundamental excitation frequency and/or speed changes relatively slowly compared with the high-frequency signal, the resulting stator high-frequency current (15) and the induced rotor high-frequency voltage (16) can be obtained from (11)- (14) . Thus,
where |Z Assuming that r s ω hf (L ls + L m ), the resulting stator high-frequency current (15) can be simplified to (18) , whereas the induced rotor high-frequency voltage (16) can be simplified to (19) . Thus,
It is concluded from (10) and (19) that it is possible to estimate the rotor position, i.e., ϕ r , from the phase angle between the injected stator high-frequency voltage, i.e., v s dqhf _s , and the resulting rotor high-frequency voltage, i.e., v s dqhf _r . In high-power machines, where the switching frequency of the power converter is low, it is possible that r s ω hf (L ls + L m ) will not hold since the frequency of the injected highfrequency signal needs to be a submultiple of the switching frequency. It is seen from (10) and (16) that, in this case, the stator high-frequency impedance phase should be estimated and decoupled to obtain an accurate estimate of the rotor position. This parameter could be measured and stored in the digital signal processor memory during a commissioning process. Fig. 2 shows the GSC and RSC control block diagrams, respectively; their operation is discussed in the following.
GSC: The GSC controls the dc bus voltage in the backto-back converter; it can also inject/absorb reactive power into/from the grid if needed; a current regulator synchronous with the grid voltage is often being used for this purpose. The high-frequency signal used for sensorless control in the GSC is added at the output of the current controller (see Fig. 2 ). A band-stop filter is used in the current feedback control loop to prevent the fundamental current regulator reaction to the highfrequency signal. 
where e th is a threshold in the hysteresis for the transition between the constant voltage mode and the limited current mode (see Fig. 2 ).
A problem with this mode of operation is that the resulting high-frequency current is not controlled or limited and might be too high in grids with low short circuit impedance or even in the event of interferences among DFIGs using the method near to each other.
To prevent this from occurring, the limited current mode is used. In this mode, the difference between the maximum value of the injected high-frequency current allowed (e.g., permitted by the connection standards [23] [24] [25] ) and the actual value is calculated using (23) . If the high-frequency current is too large, an integral controller is used to limit the injected high-frequency voltage (24) . This is schematically shown in Fig. 2 . Finally, it can be safely assumed that the stator high-frequency impedance (20) is much higher than the grid impedance. Since a small portion of the GSC highfrequency current is injected into the machine, the highfrequency current injected into the grid will be lower than the GSC high-frequency current. Therefore, the high-frequency current injected into the grid will be within the limits permitted by the connection standards, provided that the GSC high-frequency current is also within those limits [23] [24] [25] . Thus,
The integral action in (24) is reset if |e i hf dqhf _s | > e th ; a hysteresis is used when 0 < |e i hf dqhf _s | < e th to prevent continuous switching between the two modes of operation when |e i hf dqhf _s | is near zero. RSC: Similar to the GSC, a current regulator is used to control the rotor fundamental current. The high-frequency signal used for sensorless control is added at the output of the current controller (see Fig. 2 ). A high-frequency current regulator G HFCR [same design as (22) ] is used to guarantee that no high-frequency current circulates through the rotor by making its reference equal to zero. dqhf _r ), (25) . A PI regulator is used to force this error to be equal to zero, the output of the regulator being, therefore, the estimated rotor speed, from which, by means of integration, the estimated rotor position is obtained (see Fig. 2 ). Thus,
IV. SIMULATION RESULTS
The proposed method has been simulated using the scenario shown in Fig. 1 . Machine parameters, filters, and regulator parameters (complex PLL and current and voltage regulators) are shown in Table I . The switching frequency of both the GSC and the RSC is 10 kHz. The short-circuit power of the grid is 2 MVA, with r g /X g = 0.3 at 50 Hz.
A maximum power point tracking (MPPT) strategy was used to control the DFIG. Fig. 3(a) and (b) shows the rotor q-axis current and the rotor speed response to a step-like change of the wind speed, whereas Fig. 3(c) shows the phase error between the estimated position, using the signal processing described in Section III (see Fig. 2 ), and the measured position of the machine. It is observed that the error in the estimated position is almost negligible even during the transient. Fig. 4(a)-(c) shows the simulation results when, at t = 0.9 s, the short-circuit power of the grid (i.e., the grid impedance) changes from 2 to 200 MVA and the ratio r g /X g changes from 0.3 to 0.1 at 50 Hz. A slight transient is observed in the stator high-frequency voltage when the change occurs [see Fig. 4(a) ], which is corrected by the high-frequency voltage regulator of the GSC control [see Fig. 3(a)-(c) ] in a few tenths of a second. Although the steady-state position error is almost negligible, a slight increase in the transient position error is observed compared with the case shown in Fig. 3(c) . 
V. PARALLEL OPERATION OF DFIGs
The proposed method has been analyzed so far for the case of a single DFIG connected to a microgrid/grid. However, this is not the typical situation in practice. Instead, wind turbines are often grouped in wind farms consisting of from a few up to several hundred wind turbines [26] . While the implementation of the proposed method is relatively simple when a single DFIG exists, interferences among DFIGs can occur if several parallel-connected DFIGs simultaneously inject the high-frequency signal for speed/position control, as this might produce interference and lead in the end to erroneous position/ speed estimations. Strategies to prevent interference among DFIGs need, therefore, to be considered.
A simple strategy to prevent interference would be to use a different frequency for the high-frequency signals for each DFIG. The method has, however, some significant limitations. It requires to preset the frequency for each DFIG, what might not be viable when the number of DFIGs is high. In addition, the total harmonic distortion in the grid currents due to the injection of the high-frequency signals would increase as the number of parallel-connected DFIGs increases. Finally, the filtering needed to isolate the stator and rotor high-frequency components (see Fig. 2 ) will be more difficult if a large number of carrier signals, at frequencies relatively close to each other, exist.
In the strategy proposed in this paper, all the DFIGs inject the same high-frequency signal (frequency, magnitude, and phase). By doing this, no high-frequency current will flow among the DFIGs, avoiding, therefore, interferences. A method for doing this is making the high-frequency signal to be an integer multiple of the grid frequency (ω vdq in Fig. 2 ). A PLL can be then implemented in each DFIG to guarantee their synchronization. A scheme of the synchronization technique that is used in this paper to obtain the frequencyω vdq and phaseφ vdq of the fundamental voltage is shown in Fig. 2 . The details can be found in [29] . It is finally noted that any other synchronization techniques could be used.
A simple scenario for the simulation with two DFIGs connected in parallel is shown in Fig. 5 . The two DFIGs are connected to the utility grid throughout a point of common coupling (PCC). The line parameters are R = 10.7 mΩ and L = 0.668 mH, for line 1, and R = 8 mΩ and L = 0.594 mH, for line 2. Fig. 6(a)-(c) shows the simulated response when DFIG1 is continuously injecting and DFIG2 injects the high-frequency signal from t = 0.5 s to t = 1.5 s; both high-frequency signals are synchronized (same frequency, magnitude, and phase). Fig. 6(b) shows the estimated position error of DFIG1. It is observed that the steady-state position error is almost negligible, although a transient increase in the position error is observed when DFIG2 begins and finishes injecting the high-frequency signal, the transient errors being a function of the GSC and RSC high-frequency voltage and current regulators, i.e., G HFCR and G HFVR , respectively. It is also observed from Fig. 6(c) that the circulating high-frequency current i dqhf c between both converters is negligible.
In general, it is advantageous to synchronize the highfrequency signals injected by the DFIGs. This can be easily done by choosing the high frequency to be an integer multiple of the grid frequency. However, the possibility of asynchronous injection due, e.g., to transient errors in the PLLs estimating the grid voltage angle, should be considered. Fig. 7(a)-(c) shows the same simulation results as in Fig. 6(a) -(c) but with a phase shift between the injected highfrequency signals of 90
• . It is observed from Fig. 7 (a) that both DFIG1 and DFIG2 decrease the magnitude of the injected signal due to the limit imposed for the high-frequency current (i hf dqhf _s_ max = 0.045 p.u; see Fig. 2 ). If DFIG1 and DFIG2 detect that the injected high-frequency current is bigger than i hf dqhf _s_ max = 0.045 p.u. [see Fig. 7(c) ], both DFIGs change their mode of operation, decreasing the magnitude of the injected high-frequency signal (24) to reach that limit [see Fig. 7 (a) and (c)]. It is also noted that a circulating highfrequency current exists due to the lack of synchronization between the high-frequency signals [see Fig. 7(c)] . Fig. 8(a) shows the PCC high-frequency voltage magnitude when DFIG1 and DFIG2 are injecting a signal of the same magnitude and frequency but with a phase shift. Fig. 8(b) shows the high-frequency current injected into the grid, whereas Fig. 8(c) shows the circulating currents between DFIG1 and DFIG2. It is observed that the maximum value of the circulating highfrequency current between converters and the minimum grid high-frequency current magnitude are reached when the phase shift between the high-frequency signals is 180
• , whereas the minimum circulating high-frequency current between converters and the maximum grid high-frequency current are reached for a phase shift of 0
• .
VI. EXPERIMENTAL RESULTS
Experimental results showing the validity of the proposed method are presented here. Fig. 9 shows the experimental setup. The parameters of the test machine are the same as for the simulations (see Table I ). The wind turbine (see Fig. 1 ) is emulated by means of a vector-controlled IM (see Fig. 9 ). Table II shows the filters, regulator (voltage and current), and complex PLL parameters. It is noted that the frequency of the injected high-frequency signal used for the experiments has been increased with respect to the simulations. This is due to the fact that using lower frequencies in simulation allowed increasing the simulation time step, significantly reducing, therefore, the simulation time. In general, higher frequencies would be preferred since this will make the impedance of the machine more inductive, therefore making the assumption that r s ω hf (L ls + L m ) safer. Fig. 10(a)-(c) shows the experimental results when step-like changes of the wind speed of 7, 9, and 11 m/s are commanded. An MPPT strategy was used to control the DFIG. Fig. 10(a) -(c) respectively shows the measured and estimated rotor speed, the q-axis current, and the position error, which is calculated as the phase difference between the estimated phase, using the signal processing described in Section III (see Fig. 2 ), and the measured position of the machine. It is observed that the position error is almost negligible in steady state, slightly increasing when the speed (and torque) changes occur. It is important to note that the speed changes used for this experiment [see Fig. 10(a) ] are significantly faster than those expected in a real wind turbine, which would make these transient effects less important in practice.
For the verification of the proposed method when multiple DFIGs are connected to the grid, a power converter synchronized to the utility grid was used to emulate the behavior of the GSC of the second DFIG (DFIG2). This is shown in Fig. 11 . Fig. 12(a)-(c) shows the experimental results when DFIG1 injects the high-frequency signal continuously and the inverter that accounts for DFIG2 injects from t = 0.5 s to t = 1.5 s. Both high-frequency signals have the same magnitude, frequency, and phase angle. Fig. 12(a) shows the high-frequency voltage magnitude at the PCC and the commanded highfrequency signals by DFIG1 and DFIG2. Fig. 12(b) shows the position error, whereas Fig. 12(c) shows the circulating highfrequency currents between converters and the high-frequency current injected into the grid. Fig. 13(a)-(c) shows the same experimental results as in Fig. 12(a) -(c) but with a phase shift between the injected highfrequency signals of 90
• . As in the simulation results, it is observed from Fig. 13(a) that both DFIG1 and DFIG2 decrease the magnitude of the injected signal due to the limit imposed to the high-frequency current (i hf dqhf _s_ max = 0.045 p.u.). In addition, circulating high-frequency current exists due to the lack of synchronization between the high-frequency signals [see Fig. 13(c)] . Fig. 14(a)-(c) shows the experimental results when the shortcircuit power of the grid changes from 0.1 to 2 MVA while the ratio r g /X g changes from 1 to 0.4 at 50 Hz. A slight transient variation of the stator high-frequency voltage magnitude [see Fig. 14(a) ] and of the position error [see Fig. 14(b) ] is observed when the short-circuit power of the grid changes. In addition, an increase in the output GSC high-frequency current is observed due to the increase in the short-circuit power [see Fig. 14(c) ]. The stator high-frequency voltage transient variation is compensated by the high-frequency voltage regulator of the GSC control (see Fig. 2 ), the transient increase in the position error being dependent on the transient response of both the stator high-frequency voltage regulator and the rotor high-frequency current regulator (see Fig. 2 ).
VII. CONCLUSION
This paper has proposed the use of a high-frequency signal injection method for sensorless control of DFIGs in wind power generation. The proposed method combines high-frequency voltage injection in the stator with highfrequency current cancellation in the rotor. The rotor position is estimated from the phase shift between the injected stator high-frequency voltage complex vector and the resulting rotor high-frequency current regulator reaction. The distinguishing characteristic of the stator high-frequency signal injection compared with the rotor injection is that the sensorless control method is independent of the grid characteristics. Simulation and experimental results have been provided to confirm the viability of the proposed method.
